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Abstract 
Chemical mechanical polishing (CMP) process is a critical new technology to planarize the 
wafer surface aided by the combined force of the chemical etching and mechanical polishing. 
In this process, defectivity due to scratch generation has become more and more important as 
it influences the wafer product quality, throughput and cost significantly with the technology 
developments into sub 100 nanometer technology nodes. 
The overall objective of this research is to investigate the effects of particle agglomeration on 
scratch generation and predict the scratch generation probability in CMP process. A 
mechanical model considering smooth wafer surface and varying height pad asperities for 
CMP process will be selected. The indentation depth is taken as a measurement of the scratch 
depth. The probability of such indentation depth of the scratch is simulated with evolving pad 
surface topography and changing slurry particle size distribution. Diffusion Limited 
Agglomeration (DLA) and Reaction Limited Agglomeration (RLA) model will be developed 
to describe the slurry particle size distribution evolution. Predictions for scratch generation 
probability are compared with those two different agglomeration models. 
1 
Chapter 1. Introduction and Literature Review 
1.1 Introduction 
In recent years, Chemical Mechanical Polishing (CMP) has emerged as an enabling 
technology for the next generation of integrated chip manufacturing, and has become one of 
the fastest growing areas of semiconductor equipment manufacturing. It is achieved by 
sliding a wafer surface on a relatively soft polymeric porous pad flooded with chemically 
active slurry containing abrasive particles of sub-micron diameter. 
VV'~fer 
~ar•~~~r~ ~1~n 
Polsf~ing p ~: 
51,rry ~ Slu;ry feeder 
Po~isl~~ng place 
Figure 1.1: Schematic Illustration of the CMP Process (adapted from Graves, 2000) 
A schematic diagram of the general setup of CMP process is shown in Figure 1.1. It mainly 
consists of wafer, pad, slurry and abrasive particles. The CMP machine uses orbital, circular 
and lapping motions. The wafer is held on a rotating carrier and pressed against a polishing 
pad. The pad is attached to a rotating platen disk and covered by the slurry containing 
abrasive particles and chemical agent. The chemical agent softens the material surface or 
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etches the selective material. The abrasive particles in the slurry are used as the mechanical 
cutting tool. They indent into the wafer surface and slide through the surface. Particle 
indentation and sliding will remove the surface material. Then the slurry flow will bring the 
removed material out of the working area. 
In VLSI fabrication, it is usually used to polish the oxide (usually silicon oxide), which is 
used as ILD (interlayer dielectric) and STI (shallow trench isolation). It can also be applied to 
polish metal (such as copper, tungsten and aluminum) which is used to form interconnection 
between layers and layers. Figure 1.2 depicts a profile evolution of a CMP process on 
silicone oxide using a scanning electron microscope (SEM). This figure shows a more planar 
profile is achieved as a CMP process is used on the silicon oxide wafer. 
~. Silk one oxide ~ ~o file ~ e f o ~e ~1~P 
b . Silicone oxide ~ ~o file dining ~I~IP 
c. Silicone oxide p ro ale afte ~ c ornplete 
Figure 1.2: Silicone oxide CMP profile evolution monitoring using SEM (adapted from [23]) 
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1.2Background and literature view 
Chemical mechanical polishing (CMP) was developed in the early 1980s when IBM found it 
applicable for integrated circuit (IC) fabrication. Chemical-Mechanical Polishing (CMP) has 
been shown to be the most promising method because of its demonstrated capability to 
provide better local and global planarization over the entire stepper field, which may be 
around 20 mm x 20 mm in most step-and-repeat systems. The IC industry was revolutionized 
by the use of CMP. As device sizes became smaller, the need for multi-layered structures 
increased and the need for smoother interconnects of microelectronic devices became 
imperative. 
1.2.1 Existing mechanical models for MRR during CMP process 
One of the most important parameters in CMP process is the material removal rate (MRR), 
and there are several MRR models for this process. The earliest model of CMP is from glass 
polishing technology, and it is derived by Preston (1927). In this simple model [1], the mean 
material removal rate was linearly dependent on the interface pressure and the relative 
velocity between the pad and the wafer; that is: 
MRR = K P PV (1.1) 
Here, P is the mean interface pressure, V is the mean relative velocity between the wafer and 
the polishing pad, and the constant of proportionality, Kp is known as the Preston coefficient. 
It should be noted here, that adherence to Preston equation is akin to obeying Archard's law 
[ 16] where the wear rate of an asperity is assumed to be proportional to the contact pressure 
times a parameter proportional to the sliding velocity. 
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Since that time, researchers have proposed a variety of nonlinear models in which the mean 
MRR is still a function of P and V, in order to correct observed discrepancies between (1.1) 
and experimental observations. For example, Zhang and Busnaina (1997) proposed the 
model [2] MRR = K~,~PV ,which they justify by taking into account the normal and shear 
stress acting on the contact area between abrasive particles and wafer surfaces. Zhao and Shi 
(1998) proposed the model [3] MRR = K~,PZ' 3V .They argued that the number of abrasives 
involved in material removal will increase with the increase of the contact area between the 
wafer and the pad, and since the MRR is linearly related to the number of abrasives, the 
MRR will be nonlinearly dependent on the pressure. They also introduced the concept of a 
threshold pressure arguing that material removal takes place only when the threshold 
pressure is exceeded. Luo and Dornfeld (2001) also introduced a nonlinear MRR model [4] 
based on statistical distributions of abrasive particles. Fu et al (2001) introduced another 
nonlinear MRR model [5] based on the concept of incomplete and complete contact between 
the wafer and the pad. They observed that the deviations of actual MRR predictions for these 
nonlinear models (particularly considering the level of confidence in these models) from 
Preston equation predictions can be small; in particular, when the slurry in a CMP process 
contains both sharp and blunt (spherical) abrasive particles. 
1.2.2 Interaction between pad, particle and wafer during CMP process 
It may be appreciated that the pad is an integral part of the CMP process. The soft polymeric 
pad cushions the abrasive particles in the slurry, and balances the fraction of the total force 
that is transmitted to the wafer surface via the abrasive particle. This force partition plays a 
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key role in governing the characteristics of a CMP process. Bastawros et al (2002) combined 
the characteristics of the long-range pad-asperity contact with the details of the particles- 
scale contact and provide several contact model dictated by the force partition between the 
pad-particle-wafer contacts. Figure 1.3 which is from [6] shows three speculated regimes at 
the pad wafer interface: (a) no local pad asperity- wafer direct contact (b) partial local pad 
asperity-wafer direct contact (c) full local pad asperity-wafer direct contact. Model (a) is 
applied for a relatively stiff pad and high abrasive concentration in the slurry. We may 
assume that the pad and the wafer surface do not touch each other and all the load is 
supported by the abrasive particles. Most often, a relatively soft pad, a higher applied 
pressure and low abrasive concentration are used in a CMP process. Under this situation, 
model (b) is used which corresponds to the establishment and evolution of partial pad wafer 
contact. In this thesis we assume we have soft porous pad, substantially high pressure and 
very low abrasive-particle density. The wafer and the pad surfaces will have directly full 
contact and only a fraction of the total force is carried by the abrasives as model(c) describes. 
Particle level 
~. . :~~: r tom. . f •, r 
(a) (b) 
t 'l 
~.', rrr'rri.}.~~',~1f.fr ~l'!,~'l:~f: ' ~f•'. • ~%fir  r te. 
(c) 
Figure 1.3 The speculated domains for details of local pad-wafer-particle contact 
(adapted from Bastawros [6]) 
Pad 
Wafer 
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Wei Che et al (2005) summed up the above three models in [7] as local cell indentation 
contact model and investigated another contact model which is global cell bending. Model (d) 
is associated with a fibrous pas, and the cells or fibers globally bend around the abrasive 
particles. 
Cell level 
Pad 
Wafer 
(d) 
Figure 1.4 Global cell bending (adapted from W.Che [7]) 
1.2.3 Effects of slurry particles on material removal 
Among all of the works above, the influence of the slurry was not explicitly considered. 
Based on the above full contact model, the slurry abrasive particles entrapped in the wafer- 
pad contact region are directly responsible for wafer material removal. As a result of pad 
pressure of pad pressure, they are indented into the wafer surface and cut material from the 
wafer surface. Several investigators have explored the mechanisms of MRR due to this pad- 
slurry particle-wafer full contact. C.Wang et al (2005) in [9] sum up the examples including 
Fu's model (2001) in [5] and Luo & Dornfeld's model (2001) in [4], and come up with an 
extended model based on Fu's model. 
A key distinction between those models is the method of estimating the number of slurry 
particles actively participating in the material removal process. In Luo's model, as the pad 
asperity is brought into contact with the wafer, it is assumed that all of the slurry particles 
within the volume occupied by the asperity become trapped between the wafer and the pad 
asperity. It is then assumed that only a very small fraction of these particles are actively 
involved in the material removal. In Fu's model, it is assumed that most of the particles are 
squeezed away as the pad asperity approaches the wafer surface. Only a monolayer of the 
slurry particles is trapped at the contact interface. However, all of these particles are assumed 
to be active. It may be conjectured that the reality in a CMP process lies in between these two 
assumptions. 
Elements of these two models are then combined with time varying MRR models first 
proposed by Borucki (2002) and subsequently extended in Wang et al.(2005) to a third model. 
Thus Wang's model captures both the particle size effects, as well as the time varying nature 
of the MRR due to pad surface topography evolution. 
Another important property for abrasive particles is the size of them. Obviously the 
indentation depth of particle into wafer surface is linearly related to the particle diameter. 
Bigger particles, accompanied with higher local contact pressure and lower wafer hardness 
will lead to the particle indent into the wafer surface deeper and cause more material 
removed. However, extreme large particle creates extreme deep trench which might be 
defined as scratch, especially when particles agglomerate into bigger sizes in CMP process. 
For the investigation of agglomeration mechanisms of particles, some theories and 
agglomeration rate equations have already been developed. In [ 13], fractal colloid aggregates 
were studied with both static and dynamic light scattering. The shape of master curve for 
different cluster distributions was obtained in two limiting agglomeration regimes, diffusion-
limited agglomeration (DLA) and reaction-limited agglomeration (RLA). The kinetics of 
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DLA from static light scattering is given in Figure 1.6. It shows us the increase of mean 
particle size when particles agglomerate. 
`~t~+~+~ 
~~~ 
+D.1 ~1.~ t~, ~ 1 ~ ~ 1 ~~ ~~ ~l3 1 ~1~ 
t•ir~1~~`t~~i~i 
Figure 1.6 Kinetics of DLA aggregation for gold(o), silica (+) and polystyrenes(*) 
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Chapter 2 Objectives of this Research 
During CMP process, slurry particles agglomerate into larger particles which may lead to 
wafer scratching. The overall objective of this research is to predict the scratch generation 
probability during CMP process. 
Previous researches dealing with micro scratches in the CMP process involve the detection of 
these scratches by identifying their length, width and density. It has been identified that the 
most probable cause of scratch generation is due to indentation and slIlding of large abrasive 
particles on the wafer surface. However, continuous particle agglomeration is not considered 
and there exists no predictive tool for the probability of scratch generation and its evolution 
with polishing time. 
In this work, how abrasive particles agglomerate and how particle-size distribution evolves 
with time in course of agglomeration are important issues in this research. Two distinct, 
limiting regimes of agglomeration models, diffusion limited agglomeration (DLA) and 
reaction limited agglomeration (RLA) will be applied to decide the size distribution of 
abrasive slurry particles. The DLA and RLA simulation models will be separately developed 
to get the changing probability density function (PDF) for the size of abrasive particles in 
CMP process. The simulation results obtained from different models will be compared. 
We consider scratches generated by abrasive particles entrapped between the pad asperities 
and wafer surface. The indentation depth is taken as a measurement of the scratch depth. The 
probability of such indentation depth of the scratch is simulated with evolving pad surface 
topography and changing slurry particle size distribution. The simulation results obtained 
from agglomeration models are used for slurry particle size distribution evolution model and 
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integrated into the indentation depth model. Their effects on generation of deep indentation 
depth (scratch) will be investigated and compared. 
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Chapter 3 Pad Surface Roughness and Slurry Particle Effects 
on Scratch Generation 
3.1 A model for pad surface topography evolution 
During a Chemical Mechanical Planarization or Polishing (CMP) process, both the pad 
surface and the wafer surface are rough. The blanket film wafer is assumed to be smooth and 
flat in this research to simplify the problem, while the roughness of the pad surface is 
considered. All asperity heights are assumed to be randomly distributed and mutually 
independent, with atime-varying probability density function (PDF). In this research the 
effects of the abrasive particles in the contact model are ignored, since the average size of 
abrasive particles is much smaller than the average height of pad asperity heights. The 
contact between pad and wafer is modeled utilizing elastic solid-solid contact. 
3.1.1 An elastic contact model between pad and wafer 
Greenwood and Williamson [20] developed a model for contact between a smooth flat 
surface and a rough surface using Hertzian contact theory [21]. Based on this model it is easy 
to incorporate more realistic situation to construct an elastic contact model between pad and 
wafer. The wafer surface is assumed to be smooth and flat, while the pad surface is taken to 
be rough. The roughness model is assumed to consist of a population of summits, or 
asperities, with area density ~s. The asperities are assumed to be nonrandomly and uniformly 
spaced across the surface of the pad. The height, Z, of any asperity relative to the mean plane 
of the pad surface, is assigned a probability density function (PDF), which we will denote by 
~(,z). All asperities are assumed to have spherical tips, each with identical curvature Ks. This 
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model is illustrated in Figure 3.1. 
Wafer 
d 
Figure 3.1 Illustration of the Greenwood and Williamson model [20]; including a flat wafer in 
contact with a rough pad surface 
Statistically, these assumptions are equivalent to an assumption of a known number of 
asperities, N = GIs A~ where A~, denotes the nominal contact area between the wafer and the 
pad, along with the assumption of N independent and identically distributed (iid) 
asperities { Zl } N 1 having a common PDF model ~.z). 
The separation distance between the wafer and the mean plane of the pad is d, as illustrated 
in Figure 3.1 For an asperity with height Zj, when Zl > d, then it is in contact with the wafer 
surface. In this event, Hertzian theory for elastic contact predicts that the asperity will carry 
the load: 
L~ _ 
4E* 
1~2 (Z~ — d)3' 2 , when Z1 >d 3 K.s 
0 when Z< _< d 
over a circular contact area 
(3.1) 
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1z(Z~ — d) l K'S ,when ZI >d 
0 , when Z< <_ d 
(3.2) 
where E~ = E /(1— v 2 ) is the equivalent Young's modulus, E is the pad's Young's modulus, 
and v is the Poisson's ratio for the pad. 
And the local contact pressure is (assuming the load is uniformly distributed over the local 
circular contact area) 
— L~ — 4E*K.si2 ~~2 
Pent — — (Zl — d) Al 3Tz (3.3) 
Since ZI is a random variable with a PDF given by ~(z), it follows that Ll and Ai are also 
random variables. Also, notice that for a given separation distance d, only those asperities 
with height Zi > d are in contact with the wafer. Hence, the actual number of asperities in 
contact with the wafer under the nominal contact area Ao is also a random variable, as are the 
total load carried by the asperities in contact with the wafer and the total actual contact area 
between the wafer and the pad. 
From (3.1) the expected load associated with the ith asperity with height ZI is given by 
E[L; l = ~ ~~(z)dz+~  
4E%2  ~ Z _ d~3~2~~z)dz= 4E,2 ~(z—d~3~2~~z)dz 
3K, 3K, 
(3.4) 
where E[•]denotes the expectation operation. Notice from (3.1) that L; is neither a purely 
continuous nor purely discrete random variable, but a mixture of the two. Its discrete 
probability component lies at the point z=0. Since most introductory books in probability and 
statistics do not address mixed random variables, we have included the leftmost term in the 
middle equality of (3.4), even though it clearly equals zero. The total load is 
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N 
L  ~ L i 
i=1 
Hence, from (3.4) and the linearity property of the expectation operation, the expected value 
of total load carried by the asperities in contact with the wafer within the nominal contact 
area Ao is 
E~L~ _ ~ E~Lr ~ _ N ~  4E%2  ~Z _ 
d~s~z~~z)dz = N  4E~ 2 ~~z —d~3~z~~z)dz (3.5) 
;_, 3x, 3x,. 
Similarly, the total actual contact area within the nominal contact area Ao is given by 
N 
A nctual A i ~ 
1=1 
and the expected value of total actual contact area i s 
N ~ ~ 
A~ = E[Aactual J = ~ E[A; ] = N ~—(z — d)~(z)dz = N — ~ (z — d)~(z)dz (3.6) 
i=1 Ks Ks 
Let the nominal contact pressure be defined as the total load divided by the nominal area: 
L 
P ~ (3.7) 
Since the total load carried by the asperities is a random variable, so is the nominal contact 
pressure p .The expected value of (3.7) is given by 
P=ELPI =E~LI~~ = 3 K'E ~~z—d~s~z~~z)dz 
s 
We remark that the quantity (3.8) is exactly the pressure P given in Preston's model. 
The ratio of the expected value of actual contact area to the nominal area is 
(3.8) 
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Af =E[A~~~„ar ~Ao l=A~/Ao =~zKS ~(z—d)~(z)dz (3.9) 
s 
The above two equations, (3.8) and (3.9), form what is commonly referred to as the 
Greenwood-Williamson model [20]. As polishing progresses, higher asperities in contact 
with the wafer will be abraded. This wear will have a number of consequences. If the 
nominal applied down pressure is held constant, more asperities with lesser heights will come 
into contact with the wafer. Hence the separation distance d and the pad asperity height 
distribution PDF ~(z) in (3.8) and (3.9), would change with time. The actual contact area 
will increase, and the average load carried by a single asperity in contact with the wafer will 
decrease. 
3.1.2 Evolution of pad asperity height distribution 
Since the pad asperity height PDF directly determine the contact pressure and contact area 
which are both important information, to get the pad PDF at any given time is a significant 
task in CMP process. It should be clear that the pad PDF, ~(z) ,defined above is, in fact, time- 
varying. The recently developed time-varying model for this PDF proposed in [19] represents 
a major contribution along these lines. Wang [8] revisit this model and highlight certain 
conditions related to the N iid pad asperities, {Z; }", . In this research this powerful model 
will continued to be used. 
Archard's law [16] states that the wear rate of an asperity is directly proportional to the 
average contact pressure. This pressure is defined to be the load divided by the contact area. 
Assuming that this pressure is uniform throughout the circular contact area yields the 
following wear rate model for a single asperity: 
16 
dt A 3~ 
(3.10) 
The proportionality constant, CQ, in (3.10) is a function of the relative sliding velocity 
between the asperity and the wafer, as well as pad and wafer material properties such as the 
hardness, Young's modulus and Poisson's ratio. (Note that (3.10) includes no subscript to 
refer to any particular asperity, and that both Z and d are time-dependent variables. For 
notational convenience, we will henceforth dispense with such subscripts and time- 
dependence when there is little risk of confusion. 
The model (3.10) for the evolution of the asperity height, Z(t) over time is a stochastic 
nonlinear time-varying differential equation. From it, one can obtain an evolution model for 
the time-varying probability density function, ~(z) = ~(z,t) . To this end, in [19] it was 
assumed that the rate of change of the fraction of asperities in the range (z, z+Oz) equals the 
rate at which eroding asperities enter the interval from above minus the rate at which they 
leave from below. This assumption, along with (3.10) yields 
* 1/2 
at ~
+~.
~~u,t)du= Cn 43 K' [(z+0z - d~, ~2 ~~Z+Oz,t) - (z - d~~~ 2 ~(z,t)~ (3.11) 
By approximating the left hand side of (3.10) as at ~(z,t) Oz , dividing by Oz, and taking 
limit as Oz -~ 0 for z > d(t), (3.10) yields the following ordinary, nonlinear, time-varying 
differential equation model for ~(z,t) 
* 1/2 
at ~(z,t) = C°43~KS aZ {[z-d(t)]~~z~(z,t)} for z > d(t) (3.12) 
Notice that the rate of change of ~'z, t) is zero for z < d (t) .The initial condition is denoted as 
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Based on the pad surface profile of IC 1000 used in this research, Perason-IV PDF is chosen 
as the initial pad asperity height PDF which is shown as follows. 
Initial Pearson IV pdf of pad asperity height with zero mean 
0.035 
0.03 
0.025 
0.02 
0.015 
0.01 
0.005 
0 
-600 -500 -400 -300 -200 -100 
micrometer 
Figure 3.2: Initial Pad asperity height PDF 
0 100 200 300 
The value zero in the x-axis presents the mean plane for the pad asperity height. All asperity 
heights are relative to this zero mean plane. The value of d(t) should be positive. And only 
those pad asperities with height larger than d(t) can touch the wafer surface and they are 
considered as active asperities. Active asperities change in their height at later polishing time 
as they get flattened. 
Based on the initial pad asperity height PDF and a given nominal contact pressure which is 
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chosen to be SOKpa in this research, d(t) can be solved from equation(3.8). The pad asperity 
height PDF evolution can also be obtained with the time-varying differential equation (3.12). 
The right tail part of the PDF evolution plots which are corresponding to the active asperities 
is shown in Figure 3.3. 
Pad Asperity Height PDF evolution with polishing time 
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Figure 3.3: Pad asperity height PDF (right tail) evolution during CMP process (nominal contact 
pressure SOkpa) 
All the asperity height PDF plots have bumps at the right tail except the initial PDF plot. The 
value of the starting points for those bumps correspond to the separation distance d(t). As 
time increases, the left-shift of those bumps indicates the decrease of d(t). This decrease can 
be explained by the wear of active asperities. It can also be clearly observed in Figure 3.4. 
More and more asperities can contact with the wafer as wafer surface and pad asperities get 
closer and the actual contact area will increase. Figure 3.5 shows the evolution of the contact 
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fraction between the actual contact areas over the nominal contact area. 
Load-balanciing separation distance d(t) 
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Figure 3.4: Evolution of the separation distance d(t) between wafer and the mean plane of pad 
during CMP process (nominal contact pressure 50kpa) 
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Figure 3.5: Evolution of pad-wafer contact area fraction during CMP process (nominal contact 
pressure 50kpa) 
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3.2 Effects of slurry particles on indentation depth into wafer surface 
In CMP process, slurry particles are entrapped at the pad-wafer contact area. Those particles 
indent into the wafer surface and create trenches. Particle indentation &sliding creates trench 
and contribute to material removal. However, extreme large particle and high local contact 
pressure creates extreme deep trench (scratch). To predict scratch generation, the situation of 
particle indentation depth is investigated first. 
3.Z.lEstimation of the force per particle 
To predict indentation depth created by slurry particles, the transfer of the applied pressure to 
individual abrasive particle has to be characterized. The characteristics of the long-range pad-
asperity contact will be combined with the details of the particle-scale contact to provide 
analytical prediction in indentation depth. Following the approach of Bastawros et al. [6], and 
Wei Che [7], the model has several regimes dictated by different force partitions between the 
direct pad-wafer contact and the pad-particle-wafer contact. According to the conditions of 
pad and slurry particle in this research, full and direct contact between pad, particle and 
wafer is considered. The applied pressure is supported partially by the pad and partially by 
the area fraction occupied by the active-abrasive particles. From the force equilibrium, the 
force per particle, F, is simply the product of the particle cross-section area and the local 
pressure: 
F=~X 2P 
4 ~~nt 
(3.13) 
Here the local pressure P~~,nr is given by (3.3) and X is the particle diameter which will be 
investigated in the next chapter. 
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3.2.2 Determination of the number of particles 
The number of active slurry particles entrapped within the local contact area between wafer 
and pad asperities is by assuming the slurry particles uniformly spaced in the slurry with 
particle volume concentration x (particles' volume over total slurry volume). With particle 
concentration (particle numbers per unit area respectively) and contact area fraction A f ,the 
total number of active particles within a nominal contact area Ao can be calculated. To 
transfer the particle volume concentration to particle concentration the thickness related to 
the contact area needs to be obtained. We again consider the monolayer model in wafer- 
particle-pad contact. When the pad asperity is pushing toward the wafer surface, a number of 
particles are going to be entrapped within the local circular contact areas between wafer and 
pad asperity and the other particles will be squeezed away. Those particles entrapped are all 
actively involved in material removal and will contribute to indentation depth. 
If we assume that all slurry particles are spherical with the same size X (diameter), then only 
the particles within the single layer slurry with thickness X are entrapped in the actual contact 
area A~ .And the volume of this part of slurry is volume A~X. 
With the given known slurry particle volume concentration x, and the volume of each 
1 3
particle — ~X ,the number of particles entrapped within the actual contact area A~ is 
6 
A~ X,~ 6,~4~ 
n~ = 1 = 2
_ ~ 3 ~X 
6 
(3.14a) 
But unfortunately, the slurry particles do not have the same size (diameter), they vary with 
some random distribution, so the volume of the single layer slurry (in which the slurry 
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particles are entrapped within the local direct circular contact areas between wafer and pad 
asperity) is also varying randomly and also the volume of each particle varies randomly as 
the size (diameter) varies randomly, so the number of particles entrapped within the local 
contact area is random. We assume that when the pad-particle-wafer contact begins the 
particles in the single layer slurry with thickness X m and within the local wafer-pad contact 
areas will not be pushed away any more and these particle are all entrapped and are all 
"active" particles. The volume of this part of slurry is A~ X m , and the number of particles 
would be 
N~ _ 
6 
A~ X m x  6,~4~, X m
1  3 ~(X 3 ) nvgTz(X )nvg 
(3.14b) 
where 6 Tc(X 3 )~vg is the mean volume of a single particle. (X 3 )nvg is the third (raw) moment 
of the particle size distribution. 
X m represents the thickness of the single slurry layer which is large enough to tolerate most 
of the particles. It can be given by,uX + 36 . Here ,uX is the mean size of the slurry particles 
and 6 is the standard deviation of the particle size distribution. 
(3.14b) can be extended to get the number of total particles at the nominal contact area by 
applying the monolayer thickness to the whole nominal contact area. The number of total 
particles can be given by: 
Np = 1 
"O X  m/~ 6 ~'O X  m 
6 
3 ~(X 3 )nvg ~(X )avg 
(3.14c) 
And we can easily obtain the number of active particles by using the product of contact area 
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fraction and the number of total particle at the nominal contact area: Nn = A f  * Np . 
3.2.3 Estimation of the indentation depth per particle 
Assume N active asperities are on the nominal contact area and each active asperity has np (i) 
particles. For the j tll single slurry particle in full (or extended three-body) contact mode 
within the local contact area, the local contact pressure P ont (i) can be expressed as: 
• Ll
P cont (Z) _ A~ 
ii2 
4E KS 1/2  [Z~ — d(t)] ,when ZI >d(t) 
3~z 
0 when Zl <_ d (t) 
(3.15) 
So the particle the load carried by and transmitted to the wafer surface is: 
Fri, .I) = 4 X 2 ~i, J)P~on~ ~i) X3.16) 
wafer 
Slurry 
Particle 
Figure 3.6: Scheme of single particle indenting into wafer surface 
As Figure 3.6 shows, the particle indents into the wafer surface by W which depends on the 
local contact pressure (or load carried by the slurry particle) and the wafer surface material 
property, e.g., the hardness. In most cases, since wafer material and slurry particle are much 
harder than the pad, so the indentation of particles (within the local circular contact area 
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between pad and wafer) into the pad is much larger than that into the wafer surface. Since 
slurry particles are comparable in hardness to the wafer surface material, the indentation of 
particles into wafer surface is very small and the deformation of wafer surface due to particle 
indentation could be considered completely plastic [4, 6]. If the load carried by the slurry 
particle is F(ij), then we can obtain(see[4,6]) 
1/2 
—  2F(l, .~)  — P cont (Z) — 2E ks 1/2 W (Z~ J) — — X (Z~ J) — (Z~ — d (t)) X (Z~ J) • ~zH w X(i, j) 2H W 3H wTz 
(3.17) 
3.2.4 Comparison of theoretical and simulation results of indentation depth distribution 
1/2 . 2E kS 1, 2 . From the equation of indentation depth W (~, ~) _ (Z~ — d (t)) X (i, ~) , we can find 
3H W~z 
the indentation is related to the particle size X(i,j) and the contact pressure which is decided 
by pad asperity height Z(i) and d(t). The pad asperity height and the separation distance d(t) 
depends on the pad surface roughness and may change with polishing time, and particle size 
distribution can also change with polishing time as the particle agglomerate during the CMP 
process, hence the depth of particle indentation is a random variable and may change as 
polishing proceeds. 
At a given polishing time, the pad asperity height and slurry particle size both have some 
given distribution (PDFs). And the separation distance is a constant. The distribution of 
particle indentation depth could be evaluated in course of the above given equation (3.17). 
The cumulative distribution function (CDF) of the indentation depth distribution is a double 
integral of product of the PDF of particle size and that of [Z;-d(t)J1~ given Z; > d(t) at a 
given polishing time t. At another polishing time the distribution of the particle indentation 
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depth would be different due to pad asperity height PDF and particle size distribution change. 
Thus, the distribution of indentation depth is basically a dynamic problem. If we only 
consider the distribution of particle indentation depth at some given discretized polishing 
time, it can be treated as aquasi-static problem. 
At given time, both the pad asperity height PDF and particle size distribution are determined. 
And the CDF of indentation depth can be calculated as follows: 
x max ~w ~2 ~' fz~~Z)fx ~x)dz'dx 
Also, the corresponding PDF is given by: 
dFW(w) 
fw(w)= dw 
Here: 
_  3~zH w 
H — ~ 1~2 2E ks
(3.18) 
(3.19) 
where Hw is the hardness of the wafer surface material. 
At initial time, the pad asperity height PDF evolution is Perason-IV PDF which is given in 
Figure 3.2, and the particle size (volume) distribution is given as a normal distribution which 
is shown in Figure 3.7. The mean for this normal distribution is 0.0141,um 3 , and standard 
deviation is 0.0025,um3 . From (3.18), the theoretical CDF of indentation depth per active 
particle at initial time can be obtained and the CDF plot is shown in Figure 3.7. And the 
corresponding PDF is shown in Figure 3.8. 
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Figure 3.7 Theoretical CDF of indentation depth for a single active particle at initial time 
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Figure 3.8: Theoretical PDF of indentation depth for a single active particle at initial time 
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Given the pad asperity height PDF and slurry particle size PDF, we can also generate 
samples of asperity heights and independent samples of active particles (sample data follow 
the initial distributions). To make sure the simulation results are accurate enough, the number 
of asperities should be large enough. Under each active asperity certain number of active 
particles are entrapped. Following the model to get the number of active particles, particles 
entrapped in a single pad asperity-wafer contact area depends on the expected value of local 
contact area for an active asperity and the particle size. Based on equation (3.17), indentation 
depth created by all active particles can be obtained. The histogram of sample distribution of 
particle indentation depth is shown in Figure 3.9. 
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Figure 3.9: Simulation of scratch /particle indentation depth distribution at initial time 
Compare the simulation histogram result with the theoretical PDF for indentation depth, we 
get the overlaid plot as follows: 
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Compare the theoretical and simulation results on particle indentation depth distribution at 
initial time per active asperity, we find they match very well. To run the simulation needs 
hours while to get the theoretical results only needs several minutes. Hence the theoretical 
method will be utilized to investigate the scratch generation probability. From the PDF of 
indentation depth, we can obtain its mean and the probability information for the indentation 
depth created by a single particle. From this CDF plot we can get the probability that particle 
indentation depth is less than certain values. 
3.3 Initial scratch generation probability at specific area 
One of the challenges in the chemical mechanical polishing (CMP) process is the continuous 
reduction of defectivity, particularly the induced micro and nano scratches. CMP micro 
scratches are yield and reliability limiting defects in semiconductor production. As device 
geometry decreases and interconnect dimensions shrink with each successive technology 
node, a scratch that was "benign" before, turns into a "killer defect". Therefore, 
understanding of the mechanism for the formation of micro scratches and the ability for 
reliable prediction of scratch generation probability is of critical importance for yield 
enhancement in IC manufacturing. 
To understand the generation probability of scratches, a unit area on the surface of wafer 
needs to be selected and then calculate the probability that certain number of scratches 
happen at this unit area. There are two ways to define scratches. If the indentation depth is 
larger than certain absolute scratch depth, we define it as an absolute scratch. The other way 
is to use specified threshold value a . If the ratio of the indentation depth over the mean 
indentation depth is larger than a , we define this indentation to be a -level scratch. 
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Use the initial particle size distribution and choose the unit area to be 1 mm 2 and particle 
volume concentration is 10-~ .Apply equation (3.14c) to this unit area, the total number of 
particles can be calculated as follows: 
lmm 2 * Xm * 0.001 
N = = 24960 
1 3
— TzX 
6 
Using contact area fraction which can be obtained from Figure 3.5, the number of active 
particles is given by: 
Nn = N~ Af = 24960 ~ 2.95 * 10-3 = 73.6 
For a single active particle, define the a-level scratch probability 
4 
p (a) = Pr[W > auW ] =1— FW (au W ) (3.20) 
Here FW (au~,,) can be obtained from the CDF of indentation depth which is shown in Figure 
3.7. And,u W is the mean indentation depth from the indentation depth PDF. At initial time ,u~,, 
is 0.25nm and we select 5 fora .The indentation depth which is larger than 1.25nm will be 
defined as a a-level scratch. Also we use this 1.25nm as the absolute scratch depth value to 
compare with the scratch situation at later polishing time. From the CDF plot, p(a) 
is 3.3609 x 10-10 . 
We can then define the Bernoulli(p(a)) random variable 
Y ~ [Y=0]r~[W<_a] & [Y=1]~[W>a] (3.21) 
Here since those particles are assumed to be independent, the indentation depth {Wk } N~1 
corresponding to those active particles are independently and identically distributed (iid), 
then so are {Yk }N~,1 . It then follows immediately that the number of particles that penetrate the 
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wafer at a depth greater than a is 
Q 
O Nn 
~k 
k=1 
Binomial (N„ , p(a)) (3.22) 
In words, (3.22) may be viewed as the number of a-level scratches throughout the specified 
wafer area. 
For such a binomial distribution, the probability of q scratches happen in the unit area can be 
easily got by the following equation: 
(Na — 9)!9! 
(3.23) 
When q is 0, the probability that Q equals to q is 1. That means there is not any a-level 
scratch at initial time. Similarly, we can the same result for absolute scratch probability. 
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Chapter 4 Effects of Slurry Particle Agglomeration in CMP 
Process 
In CMP process larger slurry particles may cause deep indentation (scratches), especially 
when slurries agglomerate into larger solids, risking wafer defects due to scratches on the 
wafer surface. 
4.11~pes of agglomeration in CMP process 
Agglomeration is amass-conserving, but number-reducing process that shifts the particle 
distribution towards larger sizes. In this research, agglomeration models in course of 
Brownian motion are investigated. Brownian motion is first studied by Robert Brown in the 
19th century —refers to the continuous random movement (or diffusion) of particles 
suspended in a fluid. Diffusion-limited agglomeration (DLA) occurs when, as a result of their 
random motion, particles collide and stick together. 
The second regime occurs when a large number of collisions are required before two 
particles can stick together, resulting in a much slower aggregation rate. It is called Reaction 
- limited aggregation (RLA). In this regime the clusters are stabilized with charged species 
that creates a repulsive interaction between the clusters. The reaction rate is limited by the 
probability of forming a bond upon collision of two clusters. In a colloidal system, consisting 
of a large number of small particles in suspending fluid, particles will collide with one 
another in the course of their Brownian motion. In such a collision, the particles may be so 
attracted to one another that they stick together. The newly formed "doublet" will move more 
slowly than the individual particles, but may stick to other particles it encounters. The 
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aggregate may continue to grow, becoming less mobile, until it settles. Individual particles 
can only remain in such systems if there is some mechanism to prevent them from sticking 
together when they collide with one another. The system is then said to be colloidally stable. 
One way of producing colloidal stability is to give the particles an electric charge (either 
positive or negative); if all particles have the same charge, they will repel one another on 
close approach. This is known as "electrostatic stabilization". A system is colloidally unstable 
if collisions lead to the formation of aggregates (coagulation or flocculation). Since, when a 
system changes from being stable to unstable, most of its properties e.g. settling, filtration 
and flow behavior change, the control of colloid stability is of great interest. 
For diffusion-limited aggregation, there is no potential energy barrier to agglomeration; every 
time a primary particle or cluster encounters another cluster, it sticks and the resulting 
agglomerate tends to have an open structure and a low fractal dimension. When there is a 
significant barrier to aggregation (reaction-limited), particles tend to stick in only those 
regions of the agglomerate that represent the lowest potential energy sites and denser 
agglomerates form with higher fractal dimensions. 
4.1.1 Simulation of DLA model 
Particle size distribution is the most important way to simulate slurry particle agglomeration. 
In this research, we not only consider the particle size distribution also how the particle size 
distribution evolve with time due to agglomeration. 
The time dependence of the particle mass can be determined analytically by means of the 
Smoluchowski rate equations. Since slurry particles use the same material, Smoluchowski 
rate equations can also be used to express the kinetics of the cluster size distribution by 
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observing the evolution of particle volume. For DLA, the size evolution is given by the 
following coupled differential equations that express the number and density change for 
particles with volume M. 
d 1 "' -' 
—N(M) =—~aN(M —K)N(K)—~aN(M)N(K) 
dt 2 x=i x=~ 
(4.1) 
where: 
N(M) is number of particles of volume M 
The first integral represents the creation of particles of volume M by agglomeration of 
particles of volume K (~ with particles of volume M-K. The second integral gives the 
removal rate of particles of volume M by agglomeration with particles of any size. 
a is the agglomeration kernel which is assumed to be constant and provided by: 
BK BTNo
a= 
3rd 
Where: 
KB is the Boltzmann Constant 
T is the normal temperature 
No is the particle concentration at initial time which is given by the number of particles at 
unit volume. It can be obtained by using the particle volume concentration, . 
~ is viscosity of slurry 
To solve these differential equations, the initial particle size distribution is needed. Before 
applying this model in CMP particle agglomeration, we use the same initial particle size 
distribution as in [13] to compare with the experimental data. In [13], the initial particle mean 
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radius is 7.Snm and the particle volume concentration, is 10-~ . By solving (4.1), we obtain 
evolution of the mean size of particles at this initial size distribution. It increases linearly in 
log plot which is shown in Figure 4.1. 
t (sec ) 
Figure4.1: Particle mean size (volume) evolution log plot (based on DLA model) 
The slope of the mean size (volume) log plot which can be easily read is 0.977nm3 /sec . In 
[13] only the mean radius log plot is provided. Transfer the value of the slope of mean radius 
to mean volume by using V = cR 1~8G , we obtain the slope for mean volume is 0.97nm3 /sec . 
Here V represents the particle mean volume and R represents the particle mean radius. We 
can see the simulation result of the model matches the experimental data very well. 
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For the slurry particles in CMP process, we assume the initial particle size (volume) 
distribution to be normal distribution with mean 0.0141 ,[,tjn 3 and standard deviation 
0.0025,um 3 . The particle volume concentration,~is 10-3 . Based on the results from (4.1) we 
can get the density of particles at different sizes by using the ratio of the number of particles 
at any give size over the number of total particles. Following the particle size density, the 
particle size distribution evolution plots in 40 seconds can be obtained and is given as 
follows: 
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Figure 4.2: Particle size (volume) distribution evolution (based on DLA model) 
From this group of plots it is easily to find the decrease of particle density in the smaller 
particle volumes and the more and more bigger particles are generated due to agglomeration. 
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4.1.2 Simulation of RLA model 
For reaction limited agglomeration (RLA) regime, the same rate equations for particle size 
growth can be used, except that the reaction kernels are proposed to be dependent on the 
volume of the particles. The agglomeration rate equation is given by: 
dt 
N~M~ 
1 M -~ 
— ~ a(M, K)N(M — K)N(K) — ~ a(M, K)N(M)N(K) (4.2) 
2' K=l K=1 
Here, the agglomeration kernel, a(M, K) expresses the rate at which particles of volume M 
agglomerate with particles of volume K and it is given by: 
g 
M  2~3 + K 2~3 
8K&TNo
C= 
3r/ 
KB is the Boltzmann Constant 
T is the normal temperature 
U(r) is the pair potential energy 
(4.3) 
To get the potential energy, the start point is Poisson-Boltzmann equation which describes 
the potential energy for single particles. Debye-Huckel approximation is invoked by 
Derjaguin and verwey Overbeek el. to linearize the Poisson-Boltzmann equation, solving for 
the potential outside a particle sphere of radius a carrying charge —Ze 
Ze e~ e -kr
~~~') _ 
~' l+ka r 
(4.4) 
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The monotonic decay of correlations within the simple ion distribution is described by the 
.. -1 2 4'?r 2 . Debye-Huckel screening length, k ,given by k =  naga . We will consider only 
~ B7' a 
monovalent simple ions with qn = ±e .The subscript nn is the concentration of simple ions of 
type afar from charged surfaces. And ~ is the solvent's dielectric constant. 
The effective pair potential can be obtained by integrating Eq (4.5) over the surface of a 
second sphere separated from the first by acenter-to-center distance r. This integration is 
facilitated by assuming the second sphere's presence does not disrupt the first sphere's ion 
cloud. The resulting superposition approximation yields a screened Coulomb repulsion for 
the effective inter-sphere interaction, 
Z2e2 e kr~ e kr2 e -kr 
U ~~~ ~ ~l+kr ~~l+kr2 ~ r 
(4.5) 
The pair potential energy is for two particles which agglomerate, and there is no gap between 
them; the center-to-center distance r should be the sum of the radius for these two particles. 
U(r) = U(rl + r2 ) 
Here, r, and r2 represent the radius for the two particles which agglomerate. 
Assume the initial particle size (volume) distribution still to be normal distribution with mean 
0.0141,um3 and standard deviation 0.0025 ,um 3 , the particle size distribution plots in 40 
seconds in given in Figure 4.3. Due to the slowness of the agglomeration speed, there is not 
much differences at the first 40 seconds for the particle size distribution. 
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Figure 4.3 Particle size (volume) distribution evolution (based on RLA model) 
4.1.3 Comparison and discussion of DLA and RLA models 
Both DLA and RLA are agglomeration modes caused by Brownian motion. However, they 
have different agglomeration speed which can be found in their separate particle size 
distribution evolution plots. The right shift to bigger sizes is very obvious in DLA particle 
size distribution evolution while it is not that clear in that of RLA. From the particle size 
distribution, the mean radius for particles at any given time can be easily obtained. Compare 
the mean size (volume) plot for DLA and RLA model, we can find the agglomeration speed 
for RLA is obviously slower than the speed of DLA. 
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Figure4.4 Comparison of particle mean size evolution from DLA and RLA simulations 
Since agglomeration is amass-conserving process, the total number of the slurry particles 
should decrease as more and more smaller particles agglomerate into big particles, especially 
in DLA. Based on the Smoluchowski rate equations, the following equation can be applied to 
calculate the total number of particles: 
n(k0) _ ~ a [. Jl + 20an[(k —1)0)] —1] 
Here, 
0 is the time step 
n(k0) is the total number of particles at time k0 ,k=1,2,3,..... 
(4.6) 
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For these two different agglomeration models, the number of particles evolution plots at the 
unit area are shown in Figure 4.5. Both of them start from the same initial particle number 
24960. We can see the decrease of the number of particles in DLA model is very fast while 
the number of particles for RLA model almost stays the at the initial state. 
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Figure4.5 Comparison of the number of particles evolution at unit area from DLA model and RLA 
model 
4.2 Influences of agglomeration on scratch generation 
As Figure 4.6 shows it might not be a big problem for deep indentation depth at initial time 
because the wafer is thick enough to tolerate deep indentation depth. However at later 
polishing time even if the indentation depth is only twice the mean indentation depth, it 
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might cause a scratch. Hence scratch probability at later polishing time needs to be carefully 
investigated. Indentation (scratch) depth is directly decided by the size of slurry particles. 
Hence, particle agglomeration which leads to much larger particles in the slurry need to be 
incorporated into the consideration of particle indentation depth 
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Figure 4.6 Wafer surface evolution from initial time to the ending time of CMP 
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4.2.1 Effects of DLA agglomeration on particle indentation depth 
To investigate the effects of agglomeration, we choose the situation at 1 minute to observe. 
The nominal pressure is held as SOkpa. The pad asperity height PDF at 1 minute can be 
obtained from the pad PDF evolution plots in Chapter 2 and particle size distribution is given 
in the DLA simulation model. The number of the total particles at the unit area can be 
obtained from Figure 4.5. Using the updated contact area fraction which is obtained from 
Figure 3.5, the number of active particles is only 3 because of fast agglomeration speed in 
DLA. Even if the actual contact area increases due to the change of pad asperity height, the 
number of active of particles still decrease a lot. 
The theoretical CDF and PDF for single particle indentation depth are given by Figure 4.7 
and 4.8 by following the same steps in the last section of Chapter2. 
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Figure 4.7 Theoretical cdf of particle indentation depth per active particle at 1 minute (based on 
RLA model) 
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The mean indentation depth ,u W at 1 minute is 0.62 nm. Compared to the initial mean 
indentation depth which is 0.25nm, the effects of agglomeration on material removal are very 
obvious here. To compare with the scratch generation probability, we still choose a to be 5 
and p(a) is 2.8085 x 10-5 . By using equation (3.23), the probability that there is not any a-
level scratch happen at the unit area is 0.9999. 
Also, the other way to compare with the situation at initial time is to take the absolute scratch 
depth 1.25 nm and define a scratch if its depth is larger than 1.25 nm. Here, the probability of 
a single particle to have indentation depth which is larger than 1.25 is 0.0639. The scratch 
generation CDF based on the absolute scratch definition is given in Figure 4.9. 
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Figure 4.9 Absolute scratch generation probability at 1 minute (based on DLA model) 
Compare to the situation of no scratch at initial time, the wafer surface begin to have a-level 
scratches even if the number of particles is reduced to be 3. And the reason the probability 
that there is not any a-level scratch is still close to 1 is because the mean indentation depth 
also increases a lot and we keep the same a . As for the absolute scratch, we can see the clear 
difference in scratch probability; a small quality particle will still have probabilities to cause 
a scratch. From this CDF plot we can obtain the probability that at least certain number of 
scratches happen at the unit area. 
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4.2.2 Effects of RLA agglomeration on particle indentation depth 
To compare with the above scratch generation probability, the situation for scratch 
probability at 1 minute for the unit area is observed based on RLA model. Follow the same 
steps as in last section and incorporate the RLA model to the indentation depth calculation 
the following results are obtained. 
Using the updated contact area fraction and the total number of particles, the number of 
active particles is 75. The reason we get increase in the number of particles is because the 
contact area is increased and the particle size does not change much due to RLA. 
The CDF plot and PDF plot for indentation depth are shown in Figure 4.10 and Figure 4.11. 
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Figure 4.10 Theoretical cdf of particle indentation depth per active particle at 1 minute (based on 
RLA model) 
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The mean indentation depth ,u w is 0.244 nm. Compared to the initial situation, the mean 
indentation depth at 1 minute drops a little bit. The reason is because the size of slurry 
particles does not increase much due to reaction limited agglomeration; while the local 
contact pressure decreases in course of increasing actual contact area. 
Still choose a to be 5, we get p(a) is 8.7907 x 10-10 . And the probability of a single particle 
to have indentation depth which is larger than the absolute indentation depth is 4.8324 x 10-10
The probability that no a level scratches happen at the unit area is 1. And the probability 
there is not any absolute scratches happen is also 1. 
Here, we can easily get the conclusion RLA slurry is far more effective compared to DLA 
slurry for scratch avoidance. 
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4.3 Some speculations of agglomeration in CMP process 
4.3.1 Slurry filtration in CMP process 
Even if the agglomeration speed may become slower as time increase, more and more bigger 
particles will still be generated and cause scratches. In this kind of situation, slurry filtration 
is applied in CMP process. Slurry filtration in chemical-mechanical polishing (CMP) 
applications is essential for filtering agglomerated slurry particles, which cause scratch 
defects. They are used to remove agglomerated and oversized particles and gels that form 
inadvertently, while allowing desirable slurry particles to stay on the wafer surface. Filtering 
in CMP process will become increasingly important to avoid killer defects. To simulate the 
DLA agglomeration process with consideration of filtration, one item needs to add in the rate 
equation. 
d 1 "' -' —N(M)=—~a(M,K)N(M—k)M(k)—~a(M,K)M(M)N(k)—D(M)N(M) (4.7) 
dt 2 k=1 k=1 
Here D is a removal (filtration) rate. 
Based on the investigation of the agglomeration effects on scratch generation, the removal 
rate in the above can be decided. 
4.3.2 Slurry refreshing in CMP process 
Agglomeration in CMP process causes the decrease in particle numbers and slurry filtration 
causes the loss of abrasive particles. To make sure we have enough small abrasive particles 
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we also need to add fresh abrasive particles to the wafer surface. The rate equation can be 
improved as follows: 
d 1 "' -' 
—N(M) =—~a(M,K)N(M —k)M(k) —~a(M,K)M(M)N(k) 
dt 2 k=1 k=1 
Where C is a creation rate; D is a still removal (filtration) rate 
(4.8) 
4.3.3 Agglomeration of particles generated from debris 
In CMP process, material removal from contact of pad with abrasive on wafer, results in 
production of debris: small Cu clusters in the slurry. Those particles are usually in the 1 
nanometer size scale. However they can also agglomerate into big particles in CMP process 
and possibly cause scratches. Those debris particles do not carry charges so diffusion limited 
agglomeration will be applied to them and they are going to have faster agglomeration speed. 
d 1 "' -` 
—N(M) =—~aN(M —k)N(k)—~aN(M)N(k)+C(M) 
dt 2 k=1 k=1 
(4.9) 
For this rate equation, an initial particle size distribution will also be provided. At the very 
beginning time period there are not enough debris particles to agglomerate, hence the size 
distribution of the particles generated at this time period is considered to the initial particle 
size distribution for the rate equation above. 
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Chapter 5 Conclusion and Future Work 
5.1 Conclusion 
In summary, current analysis and simulation show that the probability of scratch generation 
due to particle indentation during the CMP process could be influenced by larger particle 
formation as particles agglomerate especially in DLA slurry. For scratch avoidance, RLA 
slurry is far more effective compared to DLA slurry. However, the mean indentation depth is 
smaller in RLA slurry, resulting in smaller mean material removal rate (MRR) values. This 
implies that polishing will progress slower in RLA slurry compared to DLA slurry. 
In Chapter 3, we revisit Borucki's pad asperity topography evolution model. Full contact 
model between pad, wafer and particles is selected to determine the transfer of the applied 
pressure to individual abrasive particles. To estimate the number of active particles which 
contribute to indentation depth, the monolayer approach is pursued. Based on the scratch 
generation analysis at initial time, Chapter 4 presents the effects of agglomeration on scratch 
generation probability. Special attention is given to the effect of particle agglomeration on the 
particle size distribution evolution. And two kinds of agglomeration models are considered 
and compared. The effects of particle size distribution evolution on the scratch probability 
due to agglomeration are predicted and compared. 
The distinguishing feature of this work is the development of the theoretical model to predict 
the scratch generation probability per unit area. Excellent agreement is found between the 
theoretical results and simulation results. The parameters used in this model can be easily 
adjusted due to the needs from IC manufacturing industry. The scratch generation probability 
obtained from this model can be compared with the scratch situation detected from unit areas 
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randomly selected in IC manufacturing. This model can be used to predict the number of 
scratches and then help to decrease the probability of the scratch generation in IC 
manufacturing industry. 
5.2 Future Work 
The first step of future work is extending the simulation and also theoretical model at later 
polishing time. The feature of filtration needs to be added in the agglomeration model. When 
consider the scratch generation, the effects of filtering has to be investigated to improve the 
agglomeration model. And slurry particles refreshing should be considered to make up the 
loss of number of slurry particles. Further work is also needed on the agglomeration of debris 
particles and also their corresponding influences on scratch generation. 
The second step of future work will consider the roughness of wafer surface. Also, the 
parameters of pad asperities needed to be improved to be more close to the realistic situation 
(like the randomness of asperity tip curvatures). 
The most significant future work is to quantitatively verify the model predictions against 
experimental data from IC manufacturing industry. In this research, the nominal contact 
pressure is kept to be constant and bigger and bigger particles are generated. Those two 
effects cause the increase of particle indentation depth. In industry, the nominal contact 
pressure should decrease since the material which needs to be removed decreases in the CMP 
process. To avoid defects, the nominal pressure applied to the pad should be decrease 
especially at the end of the CMP process for a wafer. An ideal mean indentation depth 
evolution plot is shown in Figure 5.1. Based on the decreasing pressure and the consideration 
of filtering and particle refreshing, the mean indentation depth should decrease as follows. 
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The error bars show the decrease also in the value of a . Even if the indentation depth 
decreases the thickness of wafer is still decrease, then so the tolerance of a deep indentation 
depth. 
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